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Whilemanybacterial pathogens are restricted to single host species, somehave the capacity to undergohost switches,
leading to theemergenceof newclones that are a threat to humanandanimal health. However, thebacterial traits that
underpin amultihost ecology are notwell understood. Following transmission to a newhost, bacterial populations are
influenced by powerful forces such as genetic drift that reduce the fixation rate of beneficial mutations, limiting the
capacity for host adaptation. Here, we implement a novel experimental model of bacterial host switching to investi-
gate the ability of themultihost pathogen Staphylococcus aureus to adapt to newspecies under continuouspopulation
bottlenecks. We demonstrate that beneficial mutations accumulated during infection can overcome genetic drift and
sweep through the population, leading to host adaptation. Our findings highlight the remarkable capacity of some
bacteria to adapt to distinct host niches in the face of powerful antagonistic population forces.D
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INTRODUCTION
Emerging infectious diseases often originate from pathogens that
cross species boundaries to infect new host populations. For example,
Staphylococcus aureus is an important human pathogen, but numer-
ous host jump events have facilitated the emergence of endemic
livestock strains (1, 2) and subsequent host switches back into humans
have led to the expansion of global epidemic clones (3–5). According-
ly, S. aureus represents a model pathogen to examine the bacterial
traits associated with a multihost ecology. Understanding the genetic
mechanisms of host adaptation is essential to identify novel molecular
targets for tackling cross-species infections and preventing emerging
clones. However, our knowledge of the population dynamics and
host-adaptive genetic events that underpin these host-switching
events is limited (6). To date, several studies have compared the ge-
nomes of contemporary clinical isolates from different host species
and revealed genetic signatures associated with host adaptation (2, 5, 7).
However, these traits reflect adaptation on a scale of decades to thou-
sands of years, and the genetic events associated with adaptation in the
days or weeks after a host-switch event remain poorly understood.
Following an interspecies host jump, bacterial populations occu-
pying a new host may generate genetic diversity upon which selection
can act to enhance fitness in the new host. However, the pathogen
population can be affected by extreme population changes, such as
those encountered in highly dynamic environments, whichmay result
in bottlenecks (8, 9). In addition, expansion into the new host species
population requires transmission to other members of the new host
species. During transmission between individuals, bacterial popula-
tions may undergo transmission bottlenecks that can cause drastic re-
ductions in the population size (10). Events of this nature represent
major evolutionary forces that can severely limit population diversity
(11, 12).The impact of bottlenecks on adaptive evolution has been ex-
plored in theoretical frameworks (12–15), natural viral populations
(16–18), and bacteria using in vitro experimental evolution (11, 19–22).
Populations influenced by periodic bottlenecks exhibit notably
lower fixation rates of beneficial mutations due to genetic drift, thereby
potentially limiting the capacity for host adaptation (15, 23, 24). How-
ever, the effect of within-host and transmission bottlenecks on the ca-
pacity of bacteria to adapt to a new animal host species has not been
examined to date using an in vivo model.
Here, we develop a novel in vivo experimentalmodel of a human to
ovine host-switch event, involving the multihost pathogen S. aureus,
providing the first opportunity to examine the adaptive evolution of a
bacterial pathogen after a switch between natural host species. The
infection model used is characterized by continuous within-host pe-
riodic and interhost transmission bottlenecks during experimental
infections lasting up to 1 year. Both our integrated within-host pop-
ulation genomic approach and in silico evolutionary simulations in-
dicated that the fitness gain of beneficial mutations is high enough to
overcome the genetic drift imposed by continuous bottlenecks, allowing
the adaptive mutations to sweep through the population. These data
provide insights that help explain the capacity for S. aureus and other
multihost pathogens to rapidly adapt to a new host species in the face of
powerful antagonistic population forces.RESULTS
Design of an experimental model of bacterial host switching
To examine the adaptive evolution of S. aureus in the initial stages of
a host switch, we developed amodel of a human to sheep host-switch
event (Fig. 1), as described in Materials and Methods. Briefly, we
used two different human-associated S. aureus strains (NCTC8325
and N315) to establish subclinical infections of the mammary glands
of ewes (Fig. 1A). The animals were housed in groups of infected
ewes and their lambs, which carried out frequent milk feeding.
The periodic reductions in intramammary milk volume due to
feeding impose continuous bottlenecks on the intramammary bacte-
rial population (Fig. 1C and Materials and Methods). Because suc-
cessful host jumps (as distinct from spillover events) require the
capacity to transmit to other individuals of the new host species
(25), we also simulated subsequent sheep-to-sheep transmission
events (Fig. 1B). For this purpose, milk samples obtained from1 of 14
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infected sheep were grown on tryptic soy agar (TSA) plates, and
multiple colonies of S. aureus isolated from the plates were used to
infect additional animals. These passages were performed up to six
or seven times in additional animals, leading to tree-form transmis-
sion chains with defined lineages and sublineages (Fig. 1F and table
S1). In total, 156 sheep were infected, and the maximum infection
duration time for a single lineage undergoing multiple passages
was 400 days. Considering an approximate S. aureus replication
time of 25 to 30 min (estimated from in vitro experiments), the in-
fecting populations underwent the equivalent of approximately 18,000
to 24,000 generations (Fig. 1). In parallel, we carried out sheep intra-
mammary infections with ovine-specialized clones of S. aureus, but
the animals quickly developed severe infections with acute disease re-
quiring antibiotic treatment, precluding their use to compare adaptive
evolution of human and sheep strains in the current study. Therefore,
as a control, we passaged human S. aureus strains in vitro in nutrient-
rich medium (Fig. 1D).
Genomic diversification of human S. aureus during infection
passages in sheep
To examine the diversification of S. aureus during the course of in-
fections after a host switch, we performed whole-genome sequencing
(WGS) of three isolates from each of the primary isolation plates
from the terminal-infected sheep (Fig. 1E). In addition, three colo-
nies from isolation plates from five intermediate-infected sheep were
sequenced (table S2). The lineages acquired single-nucleotide poly-Bacigalupe et al., Sci. Adv. 2019;5 : eaax0063 27 November 2019morphisms (SNPs), short indels, and large deletions with a random
distribution throughout the genome (Fig. 2A). Of the 99 SNPs iden-
tified in total among the 51 isolates examined (27 isolates derived
from NCTC8325 and 24 isolates derived from N315), 22 were in in-
tergenic regions, 3 were intragenic, 52 were nonsynonymous, 18
were synonymous, and 4 led to disruption of genes by introducing
premature stop codons. Of the indels, 10 resulted in frameshifts,
4 caused disruptive frame changes, and 14 were intergenic (Fig. 2B),
with most mutations having moderate and modifier effects (Fig.
2C, Table 1, and table S3). Of the mutations that have impact on amino
acid sequence, most were in genes encoding proteins involved in
host-pathogen interactions, gene regulation, signal transduction,
or transport and metabolism (Fig. 2A), including 47% affecting se-
creted proteins predicted to influence the cell wall envelope and/or
pathogenesis (Table 1). For example, genes influencing capsule ex-
pression, the Esx secretion system, the staphylococcal complement
inhibitor, the two-component regulators walK/R and vraS/R, acces-
sory gene regulator (agr), and catabolite control protein A (ccpA)
contained predicted amino acid replacements that could influence
host-pathogen interactions. In addition to mutations, we detected
large deletions in passaged isolates derived from both theNCTC8325
and N315 strains. For example, the prophage f11 was excised during
an early passage of NCTC8325 and was absent from all subsequent
isolates, and a single isolate of NCTC8325 lacked a 28-kb region of
the variable genome island nSab that contains an array of genes
involved in host-pathogen interactions or bacterial competition.NCTC 8325 N315
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Fig. 1. Experimental model of bacterial host switching and transmissions. (A) From the S. aureus human-associated parental strains, host switches were recon-
structed by infecting ewes (represented with an asterisk). (B) Serial passages from sheep to sheep were performed every 3 to 5 weeks (red dashed lines). (C) Animals
were housed with other infected animals and their lambs that frequently milk-fed from their mothers. (D) The parental human S. aureus strains were also passaged in vitro
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In addition, lineage N2 lost the sdr gene cluster, encoding serine-
aspartate repeat-containing proteins that mediate interactions with
human epithelial or innate immune cells (26, 27). Of note, although
the experiment was designed to allow the potential acquisition of mo-
bile genetic elements (MGE) from resident sheep bacteria, possibly
mediated by lambs feeding onmultiple ewes, none was identified, sug-
gesting robust barriers to genetic acquisition or isolation from
potential reservoirs of MGE.
For in vitro passaged lineages, isolates accumulated more muta-
tions, but there was greater variation between lineages (6 to 23 muta-
tions). SNPswere primarily nonsynonymous affecting genes encoding
enzymes involved inmetabolism, including nonsense mutations asso-
ciated with loss of gene function (Table 1). In addition, several phages
and a 17-kb cluster of genes involved in the biosynthesis of staphy-
loxanthin were deleted. These data indicate several metabolic path-
ways that are dispensable for survival under nutrient-rich conditions
in vitro (28).
Genomic signatures of population bottlenecks linked to loss
of diversity
We constructed minimum evolution phylogenetic trees for all the iso-
lates derived from each sheep passage experiment based on the coreBacigalupe et al., Sci. Adv. 2019;5 : eaax0063 27 November 2019SNPs (Fig. 3). Tree topologies were congruent with the transmission
chains generated during the infection experiments (Fig. 1). Depending
on the rate at which new mutations arise and the fitness benefit effect
of those mutations, within-host evolution may reflect dominance of a
single strain at any time point due to periodic selection or coexistence
of multiple genotypes within the host due to clonal interference (29).
Considering the effects of transmission between individuals, we pos-
tulate three possible scenarios: (i) dominance of a single strain before
and after transmission; (ii) diverse genotypes coexisting within indi-
viduals, but only a single clone dominating after transmission; and
(iii) diverse genotypes coexisting within a host and after transmission.
Examination of the topology of the phylogenetic trees (Fig. 3A)
supports the proposed scenario (ii), where different branches repre-
senting multiple isolates from individual sheep indicate the accumu-
lation of genetic diversity within those hosts, followed by dominance
of a single lineage after a passage to a new host (Fig. 3A). This is further
supported by sequencing of isolates from intermediate time points of
the passaging process, which represent distinct subbranches of the tree
(Fig. 3A, red nodes). Nevertheless, in three cases, the isolates from the
sheep were indistinguishable, which indicates that although the clone
dominating after the transmission usually diversifies, it may also re-
sult in a clonal population (c220, n121, and n122). Differences in theNCTC 8325
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Sci. Adv. 2019;5bp: eaax0063Type27 NovembeGener 2019Encoded product Group LineageNCTC8325 SNP 27,460 Missense walK Sensor protein kinase WalK GR | TM | STNCTC8325 SNP 98,945 Missense SAOUHSC_00092 Conserved hypothetical protein HP | TM | SE c222NCTC8325 SNP 120,749 Missense cap5B Capsular polysaccharidesynthesis enzyme Cap5B SE | HPNCTC8325 SNP 24,5287 Missense tarI Conserved hypothetical protein SE | HPNCTC8325 SNP 280,449 Missense essB ESAT-6 secretion machinery protein EssB TM | SE | PNCTC8325 SNP 393,634 Missense SAOUHSC_00390 Conserved hypothetical protein HP | PNCTC8325 SNP 420,058 Missense SAOUHSC_00417 Conserved hypothetical protein TMNCTC8325 SNP 464,931 Missense rnmV Ribonuclease M5 TMDNCTC8325 SNP 541,242 Missense SAOUHSC_00535 Epimerase/dehydratase TMow
nNCTC8325 SNP 546,984 Missense azo1 FMN-dependent NADPH-azoreductase TM loadeNCTC8325 SNP 568,990 Missense SAOUHSC_00560 Conserved hypothetical protein c222d froNCTC8325 SNP 588,150 Missense SAOUHSC_00586 Conserved hypothetical protein SEh
m
 NCTC8325 SNP 706,223 Missense SAOUHSC_00723 Conserved hypothetical protein TM c222ttp:/NCTC8325 SNP 721,884 Missense SAOUHSC_00736 Putative lipid kinase TM c222 /advaNCTC8325 SNP 778,092 Missense SAOUHSC_00795 Glyceraldehyde-3-phosphate dehydrogenase TM | HP c222 ncesNCTC8325 SNP 813,228 Missense metN2 .sMethionine import ATP-binding
protein MetN2 TMcienNCTC8325 SNP ,030,094 Missense SAOUHSC_01064 Pyruvate carboxylase TM cem
aNCTC8325 SNP ,067,459 Missense sdhB gIron-sulfur subunit of succinate
dehydrogenase%2C putative TM.org/NCTC8325 SNP ,121,026 Missense carB Carbamoyl phosphate synthase large subunit TM  on DNCTC8325 SNP ,138,999 Missense SAOUHSC_01187 Conserved hypothetical protein SEeceNCTC8325 SNP ,550,169 Stop-gain SAOUHSC_01628 Conserved hypothetical protein SE m
beNCTC8325 SNP ,727,352 Missense SAOUHSC_01821 Conserved hypothetical protein TM c222 r 9, 2NCTC8325 SNP ,757,024 Missense ccpA Catabolite control protein A GR | P c222 020NCTC8325 SNP ,773,253 Missense SAOUHSC_01866 Conserved hypothetical protein TMNCTC8325 SNP ,033,426 Missense scni Staphylococcal complement inhibitor HP | P | SENCTC8325 SNP ,045,511 Missense yqbO Tail length tape measure protein c222NCTC8325 SNP ,095,322 Missense agrC Accessory gene regulator protein C GR | ST | P | SENCTC8325 SNP ,249,603 Missense SAOUHSC_02420 Conserved hypothetical protein SE c222NCTC8325 SNP ,286,918 Missense hysA Hyaluronate lyase TM | CWA | P c222NCTC8325 SNP ,311,214 Missense rpsH Ribosomal protein S8 TM c222NCTC8325 SNP ,624,646 Missense SAOUHSC_02849 Putative pyruvate oxidase TMNCTC8325 SNP ,756,289 Missense asp2 Accessory Sec system protein Asp2 TM | SENCTC8325 Ins 487,126 Frameshift SAOUHSC_00488 Cysteine synthase TMNCTC8325 Del 513,207 Frameshift cysE Serine acetyltransferase TMNCTC8325 Del 624,930 Disruptive SAOUHSC_00634 ABC transporter TM | SEcontinued on next page4 of 14
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Sci. Adv. 2019;5bp: eaax0063Type27 NovembeGener 2019Encoded product Group LineageNCTC8325 Ins 658,822 Disruptive SAOUHSC_00670 Conserved hypothetical protein TM | SE c222NCTC8325 Del 764,412 Disruptive lgt Prolipoprotein diacylglyceryl transferase TM | SENCTC8325 Del ,323,611 Frameshift oppC2 Oligopeptide transporter putativemembrane permease domain TM | SENCTC8325 Del ,096,058 Frameshift agrA Accessory gene regulator protein A GR | ST | PNCTC8325 Ins ,188,845 Frameshift SAOUHSC_02366 Conserved hypothetical protein TMN315 SNP 105,983 Missense SA_RS00630 Lipoprotein SEN315 SNP 274,258 Stop-gain SA_RS01330 Acetyl-CoA/acetoacetyl-CoA transferase TM n222N315 SNP 377,083 Missense SA_RS01835 PTS lactose transporter subunit IIB TMN315 SNP 403,331 Missense metE 5-Methyltetrahydropteroy-ltriglutamate—homocysteine methyltransferase TMD
owN315 SNP 572,540 Missense cysS Cysteine—tRNA ligase TMnloN315 SNP 580,166 Missense rpoB DNA-directed RNA polymerase subunit beta TM adedN315 SNP 758,669 Missense SA_RS03785 Hypothetical protein SE  fromN315 SNP 863,049 Missense osmC Organic hydroperoxide resistance protein HPhttp
 
N315 SNP 949,546 Missense LysR TR LysR family transcriptional regulator GR://adN315 SNP ,343,567 Missense sbcC Nuclease SbcCD subunit C TM vanN315 SNP ,471,383 Missense norB Quinolone resistance protein NorB TM | P | SE ces.sN315 SNP ,486,091 Missense recU Holliday junction resolvase RecU TM cienN315 SNP ,735,479 Missense pykA Pyruvate kinase TM n222 cemN315 SNP ,817,943 Missense leuS Leucine—tRNA ligase TMag.oN315 SNP ,948,268 Missense vraS Two-component sensor histidine kinase GR | ST | SE | P rg
 o/N315 SNP ,035,898 Stop-gain SA_RS10285 Hypothetical protein n222 n D
eN315 SNP ,193,397 Missense SA_RS11160 EVE domain–containing protein TM cemN315 SNP ,320,771 Missense acr AcrB/AcrD/AcrF family protein TM | SEber 9N315 SNP ,393,851 Missense SA_RS12225 MOSC domain–containing protein TM , 20N315 SNP ,575,229 Missense SA_RS13145 Hypothetical protein CWA | HP 20N315 SNP ,626,125 Missense SA_RS13405 Membrane protein SEN315 SNP ,637,600 Missense SA_RS13450 N-succinyldiaminopimelate aminotransferase TM n222N315 SNP ,743,605 Stop-gain SA_RS13980 Hypothetical protein CWA | SEN315 SNP ,751,067 Missense asp2 Accessory Sec system protein Asp2 TM | SE n222N315 Del 90,901 Frameshift SA_RS00555 Anion membrane transporter TM | SEN315 Del ,085,977 Frameshift SA_RS05425 Hypothetical protein SEN315 Del ,473,471 Frameshift tdcB L-Threonine dehydratase catabolic TdcB TMN315 Ins ,475,240 Frameshift ald1 Alanine dehydrogenase TM | CWA | SEN315 Del ,947,711 Frameshift vraS Two-component sensor histidine kinase GR | ST | P | SEN315 Del ,568,566 Disruptive fnbA Fibronectin-binding protein A CWA | HP | SE | P2*Only mutations with moderate effect (missense SNPs and disruptive indels) and high effect (stop-gained and frameshifts) are listed because they are more
likely to play a role in host adaptation. Mutations include SNPs, deletions (Del), and insertions (Ins). Group: HP (host-pathogen interaction), GR (gene regulation),
ST (signal transduction), TM (transport and metabolism), P (pathogenesis), CWA (cell wall associated), and SE (surface associated/exported). Lineage indicates
the fittest clone in which mutations were identified.5 of 14
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branch lengths of minimum evolution trees indicate that distinct
genotypes accumulate mutations at different rates.
Population diversity is reduced during experimental
host switches
During the sheep passages, bacteria exhibited an average substitution
rate of 2.78 mutations per million base pairs (Mbp) per year (Fig. 3A),
analogous to previous estimates for S. aureus in humans (30). The
estimated rates for independent lineages were normally distributed,
and there was no evidence for hypermutators, which have been pre-Bacigalupe et al., Sci. Adv. 2019;5 : eaax0063 27 November 2019viously linked to host adaptation (31). S. aureus cultured under
nutrient-rich conditions in vitro had an average substitution rate
of 12.3 SNPs/Mbp per year, a rate 4.5 times higher than the in vivo
rate (Fig. 3B). We can attribute this difference to the higher repli-
cation rate of S. aureus in nutrient broth compared to intramam-
mary infections (see Materials and Methods), where suboptimal
environmental conditions and the host immune response slow
bacterial growth.
To further explore the within-host dynamics and the impact of
transmissions on genetic diversity, we plotted the number of SNPsc1
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accumulated in all sequenced isolates versus the total number of in-
fection days and fitted linear models (Fig. 3C). Although the graph
shows a high dispersal of SNPs due to variation of mutations in
independent lineages, it indicates a strong temporal correlation
and the molecular clock line crosses the x axis around 0 for the
transmitted isolates (a = 0.021), consistent with the use of an initial
inoculum represented by a single genotype. In contrast, when we only
plotted SNPs identified among isolates from a single animal, trend
lines crossed the time axis at over day 33 (a = 0.019, b = 0.636),
consistent with a delay in the appearance of genetic diversity (Fig. 3C).
Because the rate at which new mutations arise in the populations is
constant (Fig. 3), the absence of diversity in the time after the initial
inoculation/transmission simulation can be explained by recent fix-
ation of genotypes due to genetic drift or selection of beneficial mu-
tations. This observation is further supported by the distributions of
pairwise genetic distances between isolates sampled from within in-
dividual hosts at different time points (8 to 9 weeks or 10 to 11 weeks)Bacigalupe et al., Sci. Adv. 2019;5 : eaax0063 27 November 2019(Fig. 3D). At earlier time points, infections from clonal populations
follow a geometric distribution, indicating no or little genetic variation
between pairs of isolates, which turns into a geometric Poisson ap-
proximation as time proceeds and mutations are accumulated (32).
The low genetic diversity observed at week 8 after inoculation is ex-
plained by either the continuous bottlenecks purging the accumulated
population diversity, in part due to frequent reductions in milk volume
caused by feeding lambs, or a recent sweep through the population of a
beneficial mutation. The data also indicate population bottlenecks asso-
ciated with transmission to a new host and subsequent stochastic ex-
pansion of a subpopulation of the infecting inoculum.
Experimental infection passages lead to enhanced fitness in
the new host species
We next examined the impact of the bottlenecks on the passaged
populations and investigated whether the apparent genetic loss ob-
served in ourmodel systemwas due to genetic drift or natural selection.A
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We performed competition experiments (33) by coinfecting sheep
with an inoculum composed of an equivalent number of progenitor
and passaged bacteria derived from either strain N315 or NCTC8325
(Fig. 4A). After 40 days, bacteria were recovered from infected sheep,
and in all cases, only one of either the progenitor or passaged geno-
types was isolated, consistent with narrow bottlenecks in the early
stages of infection. Notably, for 28 of the 39 sheep coinfected (72% of
cases), the passaged strain was recovered more frequently than the
human progenitor strain (Fig. 4B), indicating that S. aureus evolved
enhanced fitness during the experimental infection passages (P =
0.0394, one-tailed Fisher’s exact test; P = 0.027, Barnard’s test). For
only a single progenitor-passaged strain pair, there was no difference
in the number of times the passaged strain was recovered in compar-
ison to the progenitor. To examine whether the model selected for
increased adaptation to milk or infectivity, we compared the growth
of the two most successful strains (n222 and c222) in sheep milk to
their respective progenitors. Although the passaged strains grew
slower than the original, the differences were not statistically signifi-
cant (fig. S2). Of note, in control experiments where competition in-
fections were carried out between S. aureus strains of human and
ovine clonal origin, only the ovine strains were recovered, highlighting
the fact that ovine strains are highly adapted to the sheep mammary
gland and can readily outcompete unadapted strains (table S4). Over-
all, these data demonstrate that, despite severe stochastic bottlenecks,
S. aureus can rapidly evolve enhanced fitness in the new host species.
Competition experiments with isogenic strains of equivalent fitness
(differing only by a single synonymous mutation in a pseudogene;
NCTC8325 and NCTC8325s) demonstrated that the bottlenecks
were a stochastic process, and in the absence of a fitness advantage,
there is an equivalent likelihood of either strain outcompeting the
other (Fig. 4C). From each of the 20 colonized animals, NCTC8325
and NCTC8325s genotypes were recovered at a frequency of 8:8 before
establishment (grayed out) or clearance (dashed line). Examination of
relative abundance of the coinfecting genotypes revealed the coexistence
at day 1 in almost all cases, but only a single genotypewas recoverable by
day 5 (Fig. 4B and table S5). In addition,we used this experimental setup
to provide a high-resolution picture of the within-host population
dynamics. For this purpose, we sequenced 100 S. aureus isolates repre-
senting colonies isolated from a sheep 40 days after coinfection with
NCTC8325 and NCTC8325s (Fig. 4D). Among the 100 isolates ex-
amined, 6 SNPs were identified, of which only 1 nonsynonymous
SNP was fixed in the population [in the locus aacA, encoding the
acetyl–coenzymeA (CoA) carboxylasea subunit]. Additional screening
of 10 colonies isolated every week after the initial inoculation revealed
that the mutation achieved fixation during the first week after inocula-
tion (table S7). The other five SNPs were present in very low frequency,
representing 1 to 3% of the population. Screening for the SNP found in
3% of the population (missense variant in hypothetical protein) did not
identify themutation among 400 colonies isolated at 14, 22, and 29 days,
indicating that it occurred during the last 12 days of the infection
(table S7). Together, these data are consistent with our previous anal-
ysis, indicating that bottlenecks limit the fixation of mutations by
purging of the accumulated variation due to genetic drift.
Identification of molecular correlates of host adaptation
To investigate the genetic basis for the observed enhanced fitness, we
searched for host-adaptive genetic signatures or genes that acquired
similar mutations in independent lineages, indicating convergent or
parallel evolution. The asp2 gene encoding a component of the secre-Bacigalupe et al., Sci. Adv. 2019;5 : eaax0063 27 November 2019tory system responsible for the export of serine-rich glycoproteins to
the bacterial surface (34) contains nonsynonymous mutations in two
lineages derived from the N315 and NCTC8325 strains, respectively.
Of note, the passaged strain n222 containing the asp2 gene mutation
presented one of the highest levels of fitness in comparison to its pro-
genitor strain in the coinfection experiments (recovered in 80%of cases).
In addition, n222 and the most fit passaged strain (c222; Fig. 4B)
presented the largest proportions of nonsynonymous to synonymous
SNPs (9/1 and 4/0, respectively), including several associatedwith genes
encoding proteins that affect host-pathogen interactions (Table 1).
Beneficial mutations emerge in the face of
regular bottlenecks
To quantify the impact of transmission and within-host bottlenecks
on the genomic diversity and the nature of mutations selected, we
carried out simulations of models of the evolution of bacterial ge-
nomes using a forward time simulation model (35). Contrary to other
in silico evolution experiments, the parameters used in our model
replicated the initial natural conditions of our experimental design,
and we let the populations evolve, allowing us to compare computa-
tional simulations with experimental observations. To account for
the differences between the different bottlenecks, we reproduced four
scenarios: (i) a constant population size, (ii) transmissions between
individuals, (iii) feeding bottlenecks, and (iv) a combination of both.
Using this software, we specified the selection coefficients for every
mutation in the genome and simulated two models, one with all neu-
tral mutations and another with selection coefficients following a hy-
pothetical previously determined distribution (Fig. 5 and Materials
and Methods) (29, 36). Simulations were run for more than 17,000
generations, similar to the estimated replications for the in vivo
experiments, with sampling of 100 isolates every 1000 generations.
Pairwise genetic distances increased over time for the neutral model
and remained constant when selection occurred, indicating that in the
absence of selection, mutations accumulate steadily in the population
(Fig. 5A). In both scenarios, bottlenecks resulted in a reduction of the
population diversity. Next, we looked at the accumulation of variable
and fixed SNPs over time (Fig. 5B). In the absence of selection, variable
SNPs increase logarithmically toward an equilibrium, consistent with
the pairwise genetic distances observed. As expected, bottlenecks con-
siderably reduced the number of variable SNPs but still allowed some
genetic variation to remain in the population without ever reaching
fixation. However, once we introduced selection (as expected during
ourmodel of host switching), somemutations swept through the pop-
ulation and became fixed, causing a drastic reduction in the number of
variable SNPs. The number of SNPs that became fixed in the simula-
tions was higher than in our in vivo experiments, possibly because of
differences between the model and the experimental infections in re-
lation to the size of the bottlenecks, mutation rates, the generation
time within sheep, or the selection coefficient distribution.
Last, we determined the types of coefficients associated with the
variable and fixed SNPs in the four scenarios (Fig. 5C). Within a
host, variable SNPs represent the diversity on which selection acts to
fix them into the population. As expected, in the absence of bottle-
necks, beneficial mutations outcompete neutral and deleterious
SNPs and tend to accumulate over time. Although deleterious and
lethal mutants are rapidly purged, transmission and feeding bottle-
necks increase the power of genetic drift, leading to an accumulation
of neutral and deleterious SNPs, which, after natural selection, leave
some neutral mutations remaining. Of note, during the competition9 of 14
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DISCUSSION
Transmission of bacterial pathogens to a new host species may rep-
resent transient spillover events that result in dead-end infections
(zoonoses) (37) or may lead to onward transmission to other individ-
uals of the new host species (host jumps) (25). In the current study,
we designed a novel infection model to study bacterial population
dynamics during a host-jump event. Our model represents the first
to allow experimental evolutionary analysis of a host switch between
natural host species. Using this approach, we found that each trans-
mission to a new host resulted in a bottleneck followed by an infec-
tion founded by a tiny fraction of the transmitted population that
may even be represented by a single bacterial cell. Other models have
reported similar phenomena for murine intravenous infections by
Streptococcus pneumoniae (38) and murine or zebrafish infections
experimentally infected with S. aureus (39). During these scenarios,
the power of genetic drift is so overwhelming that beneficialmutations
can be easily purged (40), and consequently, deleterious and neutral
mutations may reach fixation in higher proportions due to the process
known as the Muller’s ratchet effect (41). However, in our model sys-
tem designed to examine the capacity for host-adaptive evolution, we
found thatmost passaged strains acquired enhanced fitness during the
infection experiments. In support of these findings, in silico evolution
analysis predicted that beneficial mutations increase over time even
when bottlenecks are frequent, suggesting that the fitness gain of ben-
eficial SNPs is high enough to overcome genetic drift and sweep
through the population. When the population size is constant, multi-
ple beneficial mutations are expected to arise, and competition may
slow down their progression toward fixation. However, although
continuous bottlenecks produce random genetic drift and beneficial
mutation loss, as a new population emerges from very few individ-
uals, beneficial mutations can rapidly achieve fixation. The power
of natural selection to overcome genetic drift and preserve genetic
variation has been observed in natural populations of commensal
gut bacteria (42).
An array of mutations that may affect host-pathogen interactions
was identified including some in genes encoding proteins involved in
pathogenesis. Of note, the polymorphisms in gene regulators may
lead to remodeling of global regulatory networks, which influence
the metabolic and pathogenic fitness of bacteria (43, 44). Although
gene acquisitions were not observed to occur during infection, the
large deletions we detected for some lineages are consistent with gene
loss as a mechanism for host adaptation (4, 7, 45, 46). Other studies
of bacterial within-host evolution have identified large-scale dele-
tions more frequently than gene acquisition (47). We originally
infected several sheep with ovine-adapted strains carrying MGE that
we hypothesized could be transmitted to the human-associated
strains and facilitate host adaptation (7). However, these animals
quickly developed severe mastitis and were discarded from the study
following treatment with systemic antibiotics. We did not determine
the effect of individual mutations in the host-adaptive process, and
(with the exception of asp2) the lack of observed convergent evolu-Bacigalupe et al., Sci. Adv. 2019;5 : eaax0063 27 November 2019tion in different lineages suggests that multiple pathways of host ad-
aptation are likely possible.
In conclusion, the experimental infection model developed here
represents an excellent system to understand host-adaptive evolution,
affording a high-resolution insight into the population dynamics
during the critical stages after a host-jump event. The model is char-
acterized by frequent within-host and transmission-associated bot-
tlenecks that cause severe genetic drift. Althoughwe aimed to replicate
the natural routes for transmission, their frequency and the amount of
bacteria transferred between hosts may differ from those occurring
during natural infections. In addition, we consider ourmodel of a host
switch to be an infection model as it requires introduction of bacteria
to the generally germ-free environment of the mammary gland,
leading to the establishment of a subclinical infection. It is important
to note that a different type of model of host switching involving col-
onization only (for example, of the skin) would likely result in very
different selective pressures affecting host adaptation and the evolu-
tionary trajectory of bacterial host adaptation may be quite different.
Despite the existence of powerful antagonistic evolutionary forces
that purge the population of diversity, our findings demonstrate that
bacteria canundergohost-adaptive evolution leading to enhanced fitness
in the new host species. The observed gain of beneficial mutations in the
face of repeated bottlenecks and genetic drift highlights the remark-
able capacity for some bacteria to adapt to new host species.MATERIALS AND METHODS
Experimental design, sheep infections, and in vitro passages
We simulated S. aureus host jumps by inoculating the mammary gland
of sheep with two human-associated strains. For these experiments,
we used two very well characterized strains, NCTC8325 and N315,
with high-quality genomes with well-curated genes and representing
different successful clonal complexes of S. aureus diversity. In addi-
tion, these strains have undergone very limited passaging. N315 was
obtained from the original stocks (K. Hiramatsu), while the sigma re-
stored version of strain NCTC8325 was derived from the original
stocks of R. Novick. For the initial inoculations, 40 colony-forming
units (CFUs) from overnight cultures on TSA plates were suspended
in 1 ml of phosphate-buffered saline and injected into the teat ducts.
Sheepwere kept isolated from their lambs for 4 hours after inoculation
to prevent loss of bacteria due to suckling but then were released into
groups with other infected ewes and their lambs. A few days after the
inoculation, some ewes developed subclinical intramammary infec-
tions, while others cleared the bacteria. We milked infected sheep
every day, and after 47 to 75 days, we simulated transmission by passing
bacteria to new sheep. For these passages, 1 ml of the milk sampled was
grown on TSA plates, and 50 to 100 colonies were picked from these
primary isolation plates and used to infect new animals as described
before, infecting with 100 CFUs. This process was repeated for 165 to
400 days, depending on the strain and success of the infections, repre-
senting four to seven passages for each lineage (table S1 and Fig. 1). The
within-host bottlenecks imposedwere assumed, considering the contin-
uous feeding by lambs such that ewes had to be separated from the
lambs for 2 to 3 hours before sampling so that enough milk could
be collected. For this reason, and for the highly variable bacterial
counts (50 to 5 × 103 CFU/ml) obtained from sequential milk samples,
the bottlenecks imposed by feeding were not quantifiable. From the
last isolation plates obtained from the milk samples, each of the three
colonies was picked for WGS (table S2). In vitro passages of strains10 of 14
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NCTC8325 andN315were performed by preparing cultures in tryptic
soy broth (TSB) and transferring 5 ml of each culture into 5ml of fresh
medium every 12 hours. Passages were performed for 120 to 126 days,
bacterial dilutions were plated onto TSA medium, and single colonies
were picked for WGS (table S2).
Competition experiments of parental and passaged strains
Additional sheep were coinfected with equal numbers of progenitor
and passaged strains (1000 CFUs in total) following the procedure
described above (table S4). We introduced a single restriction site
synonymous mutation in the noncoding region of a pseudogene in
the progenitor strains: the vWbp pseudogene in NCTC8325 and the
arlR pseudogene in N315. These mutations were used to track the
abundance of progenitor and passaged strains in the milk sampled
from the coinfected ewes. From the isolation plates, at least 10 colonies
were sampled for polymerase chain reaction (PCR) amplification and
restriction enzyme digestion of the relevant genomic region. In addi-
tion, two isogenic strains, NCTC8325 and NCTC8325s (synonymous
SNP in the vWbp pseudogene), were used to coinfect 20 additional
sheep by inoculating 1000 CFUs of each of their mammary glands.
For every week during 10 weeks, PCR amplification and restriction
digestion with Eco RI were performed on 10 colonies isolated from
the milk samples.
Genomic sequencing, assembly, and annotation of genomes
Genomic DNA from overnight cultures of S. aureus isolates was
extracted using the PurElute Bacterial Genomic Kit (Edge Biosystems,
MD) with modification as previously described (4). Illumina libraries
were prepared with the Nextera XT Kit for both MiSeq and HiSeq se-
quencing at Edinburgh Genomics. Two paired-end sequencing runs
were produced for every isolate, obtaining reads of 100 nucleotides
(nt) (HiSeq) or 200 nt (MiSeq). Quality control was performed using
FastQC, adapters in reads were counted using the count_barcodes_
by_kmer.pl scripts, and top adapters and low-quality reads were
trimmed using Trimmomatic (48). De novo genomic assemblies were
performed using SPAdes 3.8 (k values of 21, 33, 55, 77, 99, and 127)
(49), resulting in a median of 67 contigs per genome (32 to 237 con-
tigs) with an averageN50 value of 199 kb (28 to 817 kb). Genomeswere
annotated using Prokka1.11 (50) with the -usegenus Staphylococcus
option.
Identification of genomic variants: SNPs, deletions,
and insertions
Sequencing reads of the isolates were mapped to their respective
reference genomes [NCTC8325, NC_007795 (51) and N315, NC_
002745 (52)] using BWA with default parameters (53). SNPs and
small indels were identified using the Genome Analysis Toolkit (54)
and Picard Tools (https://broadinstitute.github.io/picard/). In GATK,
we used the indel realignment and base recalibration options, and
variants were recalibrated before filtering, discarding those with
QualByDepth below 2.0, RMSMappingQuality below 40, and PHRED
quality below 30. The genetic variants with a depth below 5 or not
supported by 80% of the reads were filtered out, and the identified var-
iants were manually checked in the alignment files to ensure that only
true positives were included. The annotation of genetic variants and
the predictionof their effectswere performedwith SnpEff (55).Medium-
sized indels (few tens or hundreds base pairs) were identified using
Pindel (56) and large deletions (>1 kb) with the coverageBed utility
of BEDtools (57) by splitting the reference genome into windows ofBacigalupe et al., Sci. Adv. 2019;5 : eaax0063 27 November 20191 kb that were then scanned in search of those presenting at least
500 bp with zero coverage. We searched for potential acquisition
of MGEs and long insertions by assembling unmapped reads and
running BLAST searches of contigs longer than 1 kb against the
National Center for Biotechnology Information (NCBI) database.
In addition, a pan-genome matrix was built using Roary with default
options (https://sanger-pathogens.github.io/Roary/), and gene con-
tent was visualized with Phandango (https://jameshadfield.github.io/
phandango/).
Functional annotation of genes
Because the reference strains NCTC8325 and N315 presented 54 and
25% of their coding sequences (CDSs) annotated as “hypothetical pro-
teins,” we reannotated the genes identified in our analysis using Inter-
ProScan (www.ebi.ac.uk/interpro/) and BLAST searches against the
Conserved Domain Database (www.ncbi.nlm.nih.gov/Structure/cdd/
cdd.shtml) or Pfam protein families database (https://pfam.xfam.org/).
In addition, we assigned clusters of orthologous groups tomutated genes
using the eggnog mapper (58).
Phylogenetic and population genetic analysis
To infer the isolate genealogies and branch lengths, we manually
constructed core genome SNP alignments from the variants char-
acterized and used them to build minimum evolution phylogenetic
trees using the maximum composite likelihood method in MEGA
(Molecular Evolutionary Genetics Analysis) (59). This method was
used because of the short evolutionary frames and previous knowledge
on the transmission chains. From the variants identified, we estimated
the substitution rates as described in Eq. 1: number of mutations (m)
divided by the genome size (N) times the generations (t/g). Consid-
ering a replication time of 30min for S. aureus, 1 year is approximately
equivalent to 18,000 generations.
m ¼ m
N* tg
  ð1Þ
To examine within-host dynamics, we calculated the total number
of SNPs per isolate, as well as fixed and variable SNPs present in each
of the three isolates from individual sheep.We applied a general linear
regression model on SNP counts versus number of days to estimate
differences between themolecular clocks for transmissions andwith-
in single host population dynamics. Pairwise genetic distances were
calculated as the number of SNPs between two isolates from the
same host.
Bacterial genome evolution simulations
We simulated the evolution of genome populations usingGenomePop2
(35), a forward time simulation tool. A limitation of these algorithms
is the exponential increase of computational intensiveness with ge-
nomic length. Thus, we only simulated 1% of the typical S. aureus
genome, i.e., 28 kb, specifying a mutation rate of 0.0001 SNPs per
genome per generation (around 3.5 × 10−9 mutations per base per
generation) and with recombination set to 0. Assuming a generation
time of 30 min and an experiment run for 400 days, we simulated
17,281 generations, with a maximum population size of 1.25 × 106
individuals, which is equivalent to 5000 CFU/ml in a maximum vol-
ume of 250 ml. To examine the effect of different types of bottle-
necks, we simulated a constant population size, tight bottlenecks11 of 14
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produced by transmissions, wide bottlenecks produced by lambs
feeding, and a combination of both. In addition, we simulated evolv-
ing populations under two selection models: lack of selection (all
neutral mutations) and a hypothetical distribution with selection
(fig. S1). This distribution was based on previous research (36, 60),
and because we were simulating adaptation to a new niche, mostmu-
tations were set as lethal, deleterious (gamma distribution) and neu-
tral, and very fewmutations slightly beneficial. In total, we simulated
eight scenarios and ran 100 replicates for each one.We sampled 1000
genomes every 1000 generations and estimated a number of popu-
lation parameters, including the genetic diversity (as mean pairwise
number of SNPs between samples), fixed number of SNPs, variable
number of SNPs, and frequency and variation of genotypes.
Genetic modifications
General DNA manipulations were performed using standard proce-
dures. Plasmid constructs used in this study were generated by cloning
PCR products obtained with the oligonucleotide primers indicated in
table S8. To introduce restriction sites in strains NCTC8325 and
N315, we used plasmids pMAD and pBT2_bgaB and the oligonucleo-
tides listed in table S8. pJP1501 and pJP1502 were constructed by a
two-piece overlap assembly PCR. The whole fragments were subse-
quently cloned into the pMAD and pBT2_bgaB vectors, and the plas-
mids were transformed by electroporation into S. aureus RN4220 and
transduced into NCTC8325 and N315 strains. Allelic replacements
were carried out by a two-step procedure as follows: First, the plasmids
were integrated into the chromosome by homologous recombination
under nonpermissive conditions (44°C) and subsequent growth of the
cointegrates at permissive temperature (30°C) followed by a second
homologous recombination under nonpermissive conditions (44°C),
resulting in their resolution. Erythromycin (for pMAD)– and chlor-
amphenicol (for pBT2_bgaB)–sensitive white colonies, which no lon-
ger contained the pMAD or pBT2_bgaB plasmid, were tested by PCR.
To differentiate between wild-type (wt) and mutant strains, we per-
formed PCRswith oligonucleotides indicated in table S8 and digestion
with restriction enzymes specific for Eco RI in NCTC8325s strain or
Hind III for N315s isolates. All mutations were confirmed by DNA
sequencing.
Temporal identification of the appearance and fixation
of mutations
The time of acquisition and fixation of the nonsynonymous SNP pres-
ent in locus aacA (encoding the acetyl-CoA carboxylase a subunit)
was identified by selecting 10 colonies of NCTC8325s (NCTC8325
vWbp_EcoRI) during every week after the coinoculation withNCTC8325
and NCTC8325s and performing sequencing of the PCR products ob-
tainedwithprimers SNP_aacA_1m to SNP_aacA_2c. To identify the time
of fixation of the SNP present in 3% of the population, we extracted DNA
from 400 colonies isolated from milk samples at days 14, 22, and 29 and
performed PCRs to obtain an amplicon of pool DNA with primers
3SNP_hp_1m to 3SNP_hp_2c. These primers contained overhang
adapter sequences that were necessary for subsequent sequencing by
Illumina (MiSeq Nano 2 × 250 bp). Mapping to the reference genome
permitted to identify the counts present in nucleotide 401 correspond-
ing to SNP present in 3% of the population.
Statistical analyses
Statistical analyses were performed with R version 3.3.2 for one-tailed
Fisher’s exact test and Barnard’s test in the coinfection experimentsBacigalupe et al., Sci. Adv. 2019;5 : eaax0063 27 November 2019comparing the number of sheep infected by the wt or evolved strains.
For the comparison of the evolutionary dynamics of the within-host
and transmitted isolates, linear models were fitted and analysis of co-
variance (ANCOVA) tests were performed on the mutation rates and
intercepts of regression lines using type of isolates as covariate.
Ethics statement
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